Essential knowledge of life comes from our ability to see cells and small structures within cells (e.g. organelles) and follow them over time. A common tool to see structures in live cells is fluorescent light microscopy, which has become even more popular with the advent of genetically encoded probes like green fluorescent protein (GFP); the latter had such a fundamental impact that in 2008 was the topic of the Nobel Prize of Chemistry. Despite the power of live cell imaging with conventional fluorescent microscopy, a major roadblock is what it can not do -resolve objects less than about have the wavelength of the illumination light. This barrier to distinguish objects is fundamentally limited by the properties of diffraction, long ago describe by Abbe (in 1873). While this barrier was taken as dogma of what can be seen by far-field microscopy, it has recently been shattered by a cadre of new nanoscopes that are collectively called 'super-resolution microscopy'.
These nanoscopes broke the diffraction barrier by carefully choosing contexts in which Abbe's law did not apply, such as through non-linear or near-field effect, selectively turning on and off dyes in a controlled or stochastic manner, and localizing single molecules (dyes) with tens of nanometer precisions. In this session, Dr. Derek Toomre will first present a brief overview of super-resolution imaging, emphasizing the advantages and limitations of different super-resolution approaches. Dr. Katsumasa Fujita will introduce the concept of super resolution microscopy using non-linear optical saturation effects to derive information beyond the diffraction limit. Dr. Bo Haung will then discuss a different super-resolution microscopy technique, Stochastic Optical Reconstruction Microscopy (STORM), which determines the position of each molecule of interest by switching molecules between a visible and an invisible state; images are built up point-by-point somewhat akin to a pointillism paintings of the impressionists. STORM allows one to resolve cellular features an order of magnitude smaller than conventional fluorescence microscopy and can be extended to three-dimensional and multicolor imaging. Both Drs Fujita and Haung demonstrate the potential of super-resolution imaging to provide more detailed understandings of biological processes at the cell level. With an eye towards the future, the potential, challenges and perhaps even new solutions will be active discussion points.
In the 1960s, a nouvelle vague (new wave) of cinematographers broke rank with classic paradigms, and with fresh perspectives and new techniques, breathed new life into French cinema. More recently, James Cameron used innovative stereo videocameras and computer animation to immerse audiences in Avatar's quasi-real 3D world.
Imaging of the cellular world is experiencing an even more radical renaissance. In roughly a decade, an international cadre of pioneering scientists have challenged (or more accurately, circumnavigated) what was taken as dogma to be the hard limit of what could be visualized by far-field light microscopy: Abbe's limit of resolution (∼200 nm laterally). The diffraction light barrier was broken by carefully choosing contexts in which Abbe's law did not apply, such as through exploiting nonlinear or nearfield effects, selectively turning dyes on and off, and localizing single fluorophores with high precision. Armed with new photoswitchable probes and video nanoscopes, a surge of superresolution techniques has allowed scientists to peer inside living cells with an unprecedented level of resolution and sensitivity. Imagine seeing single molecules at work inside living cells or using light to control their interactions in space and time. Such quests are no longer fanciful visions but instead just within our reach, albeit with many challenges. By pushing the laws of optics and materials, the photochemical states of dyes, and genetic molecular engineering, the race is on to see within living cells with more detail, sensitivity, and speedand to apply these tools to interrogate how cells function.
In this review, we emphasize new developments and applications of super-resolution optical methods. As stimulated emission depletion (STED) microscopy, (fluorescence) photoactivation localization microscopy/ stochastic optical reconstruction microscopy [(F)PALM/STORM], structured illumination microscopy (SIM), and total internal reflection fluorescence microscopy (TIRFM) instruments are now commercially available, biologists who wish to use them will need to make informed choices, as with each there are trade-offs between sensitivity, resolution, field and depth of view, speed, and probe versatility. This review is divided into two parts. First, after describing the limitations of traditional microscopy, we explore how new nanoscopes Resolution: the minimum distance at which objects can be distinguished when imaged with a microscope; often characterized by the full width half maximum of the point-spread function Diffraction: bending of light at obstacles (e.g., apertures), which restricts how well light can be focused and limits the resolution of microscopes Near-field: regime dominated by evanescent waves (the light contributions that vanish within one wavelength) and utilized in total internal reflection fluorescence microscopes
Super-resolution:
techniques that can resolve objects (or details) smaller than the classical diffraction barrier Stimulated emission: photophysical process by which, through stimulation by light, an excited fluorophore relaxes to its ground state and thus prevents fluorescence emission STED: stimulated emission depletion (F)PALM: (fluorescence) photoactivation localization microscopy STORM: stochastic optical reconstruction microscopy work and then give early examples that show their benefit to cell biology and potential. Second, we discuss TIRFM, a long-established axial super-resolution technique, with emphasis on new advances and its larger gamut of applications.
As much as possible, we have tried to take a biologist's perspective by focusing on key principles and directly comparing the instruments' advantages and limitations with examples of their use in addressing cellular problems. With emphasis on the nanoscale, we bypass exciting advances in millimeter-scale imaging such as selective plane illumination microscopy (SPIM) (Keller et al. 2008 ) and multiphoton imaging (Dunn & Sutton 2008) . We also encourage the interested reader to refer to in-depth reviews on biological probes (Fernandez-Suarez & Ting 2008) , TIRFM (Axelrod 2008) , and super-resolution microscopy (Hell 2007 , Huang et al. 2009 , Patterson et al. 2010 .
THE LIGHT BARRIER: RESOLUTION IS LIMITED

A Primer
In light microscopy, resolution is fundamentally limited by the properties of diffraction (Abbe 1873). Diffraction causes sharp point-like objects, such as the dots in Figure 1a ,b, to appear blurry. The details that can be seen-or not seen-by a microscope are determined by its resolution.
Resolution can be quantified by analyzing a microscope's point-spread function (PSF), which effectively describes how blurry a pointlike object (a single molecule or small fluorescent bead) (Figure 1b) will appear. A cross section of the lateral PSF generates a pattern that is often in the shape of an Airy disk (Figure 1c ) (Pawley 2005) . The PSF's full-width at half-maximum (FWHM) value (Figure 1c) is a simple way to characterize the resolution in the x, y, and z directions. The Raleigh criterion states that two points are resolvable if their distance d is at least the radius r Airy of an Airy disk-shaped PSF (Figure 1c) , described by the formula
whereby λ 0 represents the wavelength and NA the numerical aperture of the objective. Thus, resolution is improved at short wavelengths and high NA. The axial resolution can be approximated by the formula d z ≈ nλ 0 /NA 2 , with n being the refractive index, and is typically 2 to 3 times worse than the lateral resolution. λ 0 and NA are both at their limit: the first by the incompatibility of short wavelength UV light with biological specimens, the second by modern high-NA objectives (e.g., 1.49 NA) with half aperture angles already approaching the theoretical limit of 90
• . The PSF dimensions of conventional microscopes are therefore limited to FWHMs of 200-250 nm in the x and y directions, and 500-700 nm in the z axis.
Confocal laser scanning microscopy (CLSM) is equally bound by these limits: The scanning spot for illumination is still diffraction-limited, as is imaging through the pinhole or slit. The latter rejects out-of-focus background light and improves the contrast (Pawley 2005) ; however, in practice it does not significantly improve resolution beyond a conventional wide-field microscope, except at extremely small pinhole diameters (Figure 1e) .
In contrast, TIRFM or scanning near-field optical microscopy (SNOM) use near-field excitation, which is not bound by diffraction laws and allows sub-100 nm resolution. However, near-field microscopy is generally limited to observations close to the cell surface. Starting approximately two decades ago, far-field methods that can interrogate the entire cell were developed that pushed and eventually shattered Abbe's resolution limit.
Pushing the Resolution Limit
Multiple strategies have pushed the envelope of what can be resolved by light microscopy by exploiting, in innovative ways, the maximal possible NA. Two are better than one: combining two objective lenses. In 4Pi microscopy, the sample is illuminated by one light source from two opposing objectives, which generates a focused standing wave. Emitted light is collected by both objectives, merged, and detected. Optically, the two objective lenses act as one unit with an effectively doubled NA. Even better, the light is now incident (and detected) from a much larger range of directions, including opposing paths. This results in a dramatic axial sharpening of the PSF as its FWHM axial ≈ 100 nm (Gugel et al. 2004 , Hell & Stelzer 1992 . Whereas 4Pi microscopy is based on a confocal geometry, I
5 M (Gustafsson et al. 1999) , which has a similar dual-lens arrangement, achieves equivalent resolution (Bewersdorf et al. 2006 ) using a lamp and a camera in a wide-field configuration.
Exploiting numerical aperture in illumination. The resolution performance of regular wide-field fluorescence microscopy depends solely on the detection path. SIM takes maximum advantage of the objective's NA for illumination. Placing, for example, a spatial mask in the light path creates a fine pattern of illumination stripes in the sample. This pattern is scanned or rotated, which allows different parts of adjacent structures to be illuminated at different times (see Figure 1f,g ). Computational postprocessing of these oscillating patterns renders images at approximately double the resolution of conventional microscopy (Figure 1h ) .
Exploiting Probes and Shattering Barriers
The methods above maximize resolution by enhancing the optical performance of the instrument. In contrast, two other super-resolution strategies rely on photophysical properties of fluorescent probes to enhance resolution. This focus on the probes was a critical frameshift in breaking the diffraction barrier (Hell & Wichmann 1994) . Specifically, the switching on and off of fluorophores in a binary fashion was exploited. These two general approaches are:
1. STED microscopy (Hell & Wichmann 1994) , which relies on targeted PSF Comparison of selected modern microscopy techniques. (a) Hypothetical sample featuring three fluorescent molecules, here denoted by black points, located in the focal x-y plane. Two of them, indicated by the dashed oval, are closer than the Rayleigh resolution limit. They are therefore not resolvable in a wide-field microscope or total internal reflection fluorescence microscope (TIRFM) (b). Imaging the single particle permits determination of the point-spread function (PSF) of the microscope. Its intensity profile, measured along the straight dashed line in (b), is shown in (c). The PSF can be characterized by the full-width at half-maximum (FWHM) or the radius of the Airy disk, r Airy , as shown in (c). (d,e) Confocal microscopy achieves a comparable x-y resolution by scanning the sample with a laser focus. ( f-h) Structured illumination microscopy (SIM) relies on scanning the sample with a stripe pattern of excitation light that highlights the objects at different times ( f,g). Postprocessing of the recorded images at different stripe positions yields the superresolved image (h). (i-k) Stimulated emission depletion (STED) microscopy scans the sample with a laser spot for excitation ( green spot) accompanied by a second doughnut-shaped laser focus (red ring). As shown in (k), this second light can stimulate emission of light (red arrow in the term scheme, representing the fluorophore) before spontaneous fluorescence relaxation can occur ( yellow arrow). Increasing the stimulation light intensity drives the depletion process into saturation, as depicted by the upper half of the red ring, causing efficient fluorescence quenching even closer to the ring center and dramatically reducing the remaining fluorescence spot size ( yellow spot). (l-n) Pointillism microscopy utilizes the random activation of single fluorophores. Sparsely distributed fluorescent molecules can be localized precisely in each recorded image (crosses in l,m). After recording many frames, the final image can be constructed from all determined positions (n). Red boxes illustrate the final xy images of the different microscopy methods. engineering to effectively reshape the illumination spot (Hell & Wichmann 1994) , and 2. the Pointillism microscopy methods of (F)PALM, STORM, and other variants. This generates an image using random switching events; the final image is constructed from localized spots of single fluorophores and is remarkably similar to the Pointillism artwork of the neoimpressionists.
SUPER-RESOLUTION MICROSCOPY
Many resolution-enhancing techniques have been developed. We will concentrate on optical methods that have high potential for cellular imaging and are commercially available. These nanoscopy techniques are: SIM, STED microscopy, Pointillism microscopy, and TIRFM.
Structured Illumination Microscopy
When a fine pattern of stripes is projected onto a sample, their features are blurred when detected. However, if the stripes are moved across the specimen, a characteristic signal variation in the fluorescence response can be observed as a function of time and position. This is especially noticeable when examining sparsely distributed structures such as the adjacent dots in Figure 1f ,g. SIM records a series of images with stripes at different, well-defined positions. By analyzing the signal variations between images, smaller structural features can be resolved than would be visible by regular microscopy (Gustafsson 2000) . Because structures oriented parallel to the stripes do not benefit from this effect, the stripes are not only shifted but also rotated between images. Typically, SIM records frames at three different stripe orientations with three to five shift positions, resulting in 9-15 frames per final super-resolution SIM image (Gustafsson 2008) . SIM is a hybrid technique: It images the whole field of view at once in the manner of a standard wide-field microscope, but it also relies on scanning the specimen with the stripe pattern, akin to confocal microscopy with the illumination spot.
Scanning is required to improve lateral resolution. Any far-field microscope that significantly enhances lateral resolution requires scanning, or more generally, sequential collection of data. The optical detection path is always diffraction limited and hence subject to identical constraints as regular microscopy. The controlled spatial confinement of the fluorescence-emitting area is essential for super-resolution to separate structures closer than the diffraction limit. This, however, implies that the whole sample is not excited at once, which in turn requires multiple excitation patterns to cover the whole field of view. Thus, spatial resolution is gained at the loss of temporal resolution.
Data processing. Sequential data collection requires the final image to be put together from single raw frames after data recording. In SIM, this means automatically analyzing for each pixel the signal variations between the different images. Typically, a Fourier transform-based algorithm is used that distinguishes sharp image components from signal oscillations to generate a super-resolution image (Gustafsson 2000) . Two-or three-dimensional data sets can be obtained this way, typically at approximately twice the resolution in all dimensions, i.e., ∼100-125 nm laterally and ∼250 nm axially . A major advantage of SIM is that it is compatible with most fluorophores and samples prepared for confocal (or widefield deconvolution) microscopy. However, the enhanced resolution comes with a trade-off in speed (see Table 1 ).
Stimulated Emission Depletion Microscopy
The illumination spot in a CLSM samples the specimen; its size determines the resolution of the microscope because the spot blurs all structures. No matter how hard 
Data processing
Not required one tries, a light beam cannot be focused more tightly than the diffraction limit. To achieve super-resolution microscopy, STED exploits photophysical characteristics of the probe molecules in combination with suitable lasers and optics (Hell & Wichmann 1994) .
Photophysics. As in CLSM, probe molecules are excited by a focused laser beam (see the Jablonski diagram in Figure 1k ; e.g., 640 nm). Before spontaneous emission of fluorescence occurs (e.g., after a few nanoseconds) a second red-shifted (e.g., 740 nm), doughnutshaped laser beam illuminates the sample (Figure 1i-k) . This second "STED beam" forces molecules, except for those in the doughnut hole, from their excited electronic state back to their ground state by stimulating emission of a photon of the same wavelength. A bandpass filter (e.g., 650-730 nm) rejects the stimulated photons (740 nm), whereas shorter wavelength fluorescence photons (from the hole) are collected. Thus, STED can effectively switch off a subset of fluorophores. The PSF-engineered STED doughnut that is centered on the excitation focus is responsible for the enhanced resolution (Klar et al. 2000) . Fluorescence quenching occurs mainly at the periphery, whereas the intensity-free hole of the doughnut has no effect on the fluorescence emission.
Resolution depends on laser power. Increasing the intensity of the doughnut-shaped STED beam dramatically improves the resolution: even at the inner slope of the beam's ring profile, fluorophores are now switched off, which further sharpens the remaining fluorescent spot to a size much smaller than the diffraction-limited focus (compare yellow and green spots in Figure 1k ). Scanning the sample with this sharpened effective focus provides super-resolution images (Figure 1i,j) . The x-y resolution depends on the diffractionlimited resolution and is a function of its FWHM and the STED beam intensity measured relative to a saturation value:
In this equation, FWHM is the width of the diffraction-limited focus, I stands for the maximum STED laser intensity in the sample, and I S denotes the characteristic saturation intensity, a probe property that describes the STED beam intensity at which the remaining fluorescence is reduced to half its original level (Harke et al. 2008a) . Typically 30-80 nm x-y resolution is achieved (Meyer et al. 2008 , Moneron et al. 2010 , Schröder et al. 2009 ), and recently less than even 10 nm FWHM was obtained (Rittweger et al. 2009 ). Practically, this requires lasers with several hundred milliwatts of power, approximately 1000 times the typical laser intensity in a confocal focus, but at a red-shifted wavelength such that typically no strong absorption is observed.
Three-dimensional and multicolor imaging. Improved lateral resolution can also be combined with enhanced axial resolution. With an alternatively shaped STED beam, additional axially-shifted intensity lobes can be created that quench the axial extension of the PSF (Harke et al. 2008b , Klar et al. 2000 . A more efficient approach combines STED microscopy with a 4Pi-type dual objective geometry (Dyba & Hell 2002) . Based on this method, Schmidt et al. recently demonstrated 30-45 nm resolution in 3D with their isoSTED system (Schmidt et al. , 2009 ) (see Figure 2a -e). Multicolor imaging in STED microscopy is challenging because two laser wavelengths are required for each dye; nonetheless, it is possible (Meyer et al. 2008) . Combining a conventional fluorophore with a second fluorophore with a similar emission spectrum but a large Stokes shift between excitation and emission, can allow the use of a single STED laser for both dyes and simplifies the technique . While the dye choice is currently somewhat limiting, a large advantage of STED imaging is that it is relatively fast for small fields of view and requires no data postprocessing ( super-resolution is not limited to stimulated emission. The important photophysical property is the saturation intensity (see Equation 2 ). Generally, any photophysical switching process classified under the term RESOLFT (reversible saturable optical fluorescence transitions) is suitable for nanoscopy (Hell 2003) . Indeed, apart from stimulated emission RESOLFT imaging has been demonstrated by several approaches including ground state depletion (Bretschneider et al. 2007 , Hell & Kroug 1995 , quantum dot switching (Irvine et al. 2008) , and switching between conformational states in photoswitchable fluorescent proteins (FPs) (Hofmann et al. 2005 , Schwentker et al. 2007 or organic dyes (Bossi et al. 2006) . In a SIM-based approach, saturation of fluorophore excitation can create sharper stripe minima and higher resolution images (Gustafsson 2005 , Heintzmann et al. 2002 .
Pointillism Microscopy
With most microscopy approaches, fluorescent probes are too densely distributed to be individually resolvable. Pointillism microscopy [a term coined in Lidke et al. (2005) ] exploits the ability to clearly visualize single fluorophores to create a super-resolution image.
Localizing instead of resolving. The center of a PSF can be determined with much higher precision than its FWHM, as has been utilized with great success in particle-tracking microscopy for decades (Gelles et al. 1988 , Yildiz et al. 2003 . Pointillism microscopy exploits this phenomenon by sequentially switching single fluorescence molecules on and off and imaging them with a camera (Figure 1l,m) . The image of every molecule is then analyzed computationally to determine its subpixel position. The localization precision in each direction can be approximated by
where FWHM is given by the PSF's dimension and N is the number of detected photons from a single molecule (assuming negligible background signal), which ranges from ∼100-500 photons for FPs to ∼6000 for cyanine dyes (Fernandez-Suarez & Ting 2008) .
Switching enables localization of thousands of molecules. The Pointillism microscopy breakthrough occurred in 2006 with three independent publications that combined localization techniques with photoswitchable markers. These techniques have been termed PALM (Betzig et al. 2006) , FPALM (Hess et al. 2006) , and STORM (Rust et al. 2006) . The use of photoswitchable markers (including photoactivatable markers) is a powerful approach to control the density of fluorescent molecules and has enabled cellular imaging of organelles that contain large numbers of markers. The on-switching or activation light (often ∼405 nm) switches a subset of dark dyes into an excitable conformation. These activated molecules can, in turn, be excited by a second light source (typically 488-561 nm) to emit fluorescence. Off-switching usually occurs by spontaneous "bleaching" after many fluorescence excitation cycles. Both activation and excitation light beams illuminate the sample homogeneously; their intensities are balanced so that well-separated spots can be recorded in each camera frame.
In contrast to STED microscopy, in which molecules are switched in a targeted fashion defined by the doughnut's shape, Pointillism microscopy randomly activates molecules. Instead of scanning the sample pixel by pixel, 100-100,000 camera frames are recorded from which sparsely distributed single molecule images are extracted and the molecules localized by computationally finding their centers. The bleaching of activated fluorophores and continuous activation of new ones (Egner et al. 2007 ) eventually leads to imaging of a large fraction of the fluorophore population. Summing all the localized spots (see Figure 1n for a simple example) results in a super-resolution image with an x-y resolution FWHM loc of typically 20-30 nm, albeit at typical acquisition rates of several minutes.
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Variations in the switching mechanism. Pointillism microscopy can be realized in many ways. Table 2 gives an overview of some of the currently preferred fluorescent markers. Early versions of Pointillism microscopy utilized the spontaneous blinking of quantum dots (Lidke et al. 2005) or the stepwise bleaching of conventional dyes (Gordon et al. 2004 , Qu et al. 2004 to resolve ensembles of a few probes only tens of nanometers apart, but these versions lacked separate activation mechanisms. Although two light sources are a convenient way to control the frequency of activated versus bleached molecules in each frame, Pointillism microscopy can also resolve biological structures with just one light source and conventional dyes by driving them into dark states through high-intensity irradiation ( Figure 3d,e) . As an alternative to fluorescent and dark state switching, binding kinetics also have been exploited to localize single bound molecules (Sharonov & Hochstrasser 2006) .
Three-dimensional Pointillism. Original versions of Pointillism microscopy were limited to 2D imaging but were subsequently extended to 3D. To avoid artifacts from single molecule blinking, which causes signal fluctuations, the axial position should be obtained in a single camera frame. This problem was solved by encoding the axial position of the molecules in the lateral image. Multiplane imaging (Prabhat et al. 2004 ) projects multiple focal planes from different 296 Toomre · Bewersdorf depths of the sample onto one or more cameras. This technique simultaneously records two (or more) planes at different axial positions without axial scanning and was realized in biplane FPALM ( Juette et al. 2008) . The axial position of the molecule is computationally derived from the pair of images. Alternatively, a cylindrical lens in the detection path can create an ovalshaped PSF whose ellipticity is related to the axial position of the fluorophore (Huang et al. 2008b , Kao & Verkman 1994 . A more complex PSF engineering technique modifies the detection PSF to resemble an axially oriented double helix (Piestun et al. 2000) , which allows the axial position of every molecule to be determined from the angle between the observed foci doublets (Pavani et al. 2009b) .
The achievable resolution is, interestingly, comparable between these techniques [for FPs: FWHM 20-30 nm (x, y), 50-80 nm (z)] (Mlodzianoski et al. 2009 . To further improve the axial resolution, Pointillism microscopy can be combined with a 4Pi microscopy/I 5 M-like detection scheme at the cost of higher instrument complexity (Shtengel et al. 2009 ). This interferometric PALM (iPALM) technique achieves an impressive ∼25 × 25 × 10 nm 3D resolution, as shown in Figure 3f -k (Shtengel et al. 2009 ).
Multicolor Pointillism: challenges and solutions. As in STED microscopy, multicolor imaging is hampered because typically two different wavelengths are required per fluorophore. Moreover, fluorescence excitation light is usually orders of magnitude brighter than activation light, and accidental activation by the excitation lasers can occur. Sequential imaging with different FPs is one solution (Shroff et al. 2007 ) to this problem. Another option is to spectrally unmix spectrally similar channels (Andresen et al. 2008 . Using dye pairs, as first proposed in STORM (Rust et al. 2006 ; see Figure 3a -c), a combination of three different activator dyes with three different reporter dyes provides nine different combinations for multicolor imaging (Bates et al. 2008) . Although Pointillism microscopy can provide high-resolution imaging without complex hardware, its main weakness is slow speed image acquisition and extensive data postprocessing ( Table 1) .
Cellular Applications with Super-Resolution
With the emergence of super-resolution microscopes, biologists have begun to apply them. In a short period of time they have gone from imaging test objects to live specimens.
Proof of principle: seeing cellular details.
Three-dimensional SIM imaging of the nucleus showed that nuclear pore complexes are adjoined by channels in both the nuclear lamin and peripheral heterochromatin (Figure 4 ; Schermelleh et al. 2008 ). Three-dimensional isoSTED was able to resolve the distribution of mitochondrial proteins well below the organelle level (Figure 2a-e ; Schmidt et al. 2008 Schmidt et al. , 2009 ). Three-dimensional Pointillism microscopy revealed nanometer ranged contacts between mitochondria and microtubules (Huang et al. 2008a) . iPALM mapped focal adhesion complexes in 3D at the highest light microscopy resolution to date (Figure 3f-k ; Shtengel et al. 2009 ). As these techniques have passed proof-of-principle tests, biologists are now applying SIM, STED microscopy, and Pointillism microscopy to a plethora of open questions that cannot be addressed with conventional light microscopy. Structured illumination microscopy. Using SIM, researchers were able to resolve the two lateral elements of the synaptonemal complex, a central structure in meiosis, and to detect chromosomes knotted like twisted wires ). The observation that entanglement is resolved at a late stage of meiosis indicated that the completion of synapsis requires the unknotting or snipping of these interlocks.
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Apical section Orthogonal
Wide-field Structured illumination Deconvolved wide-field Stimulated emission depletion. STED has been instrumental in analyzing 50-60 nm diameter nanostructures formed by syntaxin-1 (Sieber et al. 2007 ). In concert with fluorescence recovery after photobleaching (FRAP) experiments and simulations, STED demonstrated that these clusters contain approximately 75 densely packed syntaxin molecules and that they exchange dynamically with a freely diffusing membrane pool. This supports protein cluster models that feature a balance between self-association and steric repulsion. STED experiments in Drosophila located a protein called Bruchpilot in approximately 300-500 nm large doughnut-shaped structures at the active zones of neuromuscular synapses (Kittel et al. 2006) . Combined with other experiments, this indicates that Bruchpilot is involved in the organization of active zones and synaptic plasticity.
Pointillism: connecting the dots. Pointillism microscopy has been instrumental in analyzing the distribution of chemotaxis receptors in the E. coli cell membrane and has revealed that they are highly clustered (Greenfield et al. 2009 ). This cluster distribution supports the idea that stochastic self-assembly, without 298 Toomre · Bewersdorf direct cytoskeletal involvement or active transport, is responsible for the periodic distribution of the receptors.
A twisty road toward live cell imaging. Compared with conventional microscopy, there are three major challenges in applying super-resolution microscopy to living cells: (a) More data (multiple frames or finer sampling in scanning) must be collected, which makes the microscopy slower. (b) It typically requires a higher total dose of illumination light, which can potentially harm cells. (c) The choice of fluorophores may be limited. Nonetheless, all three super-resolution techniques have been shown to be feasible in living cells and applied to a few selected problems, as underscored below. While the technique is still in its infancy, the potential, if these issues can be solved, is enormous.
Live structured illumination microscopy. A tricky part of SIM experiments is that all 9-15 recorded camera frames must essentially image the identical underlying structure. If the object moves during the acquisition, artifacts are created. With a judicious choice of optical components, this method is capable of 2D live cell imaging of microtubules at 11 Hz (Kner et al. 2009 ; see Figure 5 ).
Live stimulated emission depletion. Videorate imaging of synaptic vesicles (28 Hz) was successfully demonstrated by streamlining the instrumentation and narrowing down the observation area to ∼2.5 × 1.8 μm . In this study, an organic dye (Atto 647N) was added extracellularly and endocytosed through antibodies labeling synaptotagmin. FPs, in particular Citrine, green fluorescent protein (GFP), and a tetrameric DsRed-variant, E2-Crimson, ), were used to visualize the endoplasmic reticulum ) and dendritic spines (Nagerl et al. 2008) . STED was also combined with SNAP-tag TM (New England Biolabs) and Halotag TM (Promega) technologies; these peptide tags bind organic dyes that are particularly well suited for STED microscopy , Schröder et al. 2009 ). The small effective spot size of STED also can be exploited to measure nanoscale dynamics in fluorescence correlation spectroscopy. This approach allowed the direct observation that sphingolipids and glycosylphosphatidylinositol-anchored proteins are trapped
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in cholesterol-mediated sub-20 nm complexes in plasma membranes, consistent with the existence of lipid rafts or other microdomains ).
Live Pointillism. Two factors must be taken into account when imaging living cells with Pointillism microscopes: (a)
The technique requires recording 100-100,000 camera frames to acquire a single super-resolution image and hence is slow. (b) Most molecules can only be imaged once. Live cell Pointillism imaging, however, demonstrated that hemagglutinin was clustered in large irregular domains ranging from several tens of nanometers to micrometers wide and exhibited lateral motion of less than 200 nm (Hess et al. 2007 ). Other publications reported the temporal changes of proteins Gag and vesicular stomatitis virus glycoprotein (Manley et al. 2008 ) and the dynamics within individual adhesion complexes . Following single molecules, often over multiple frames before bleaching, revealed nanofeature details as well as diffusion characteristics (Hess et al. 2007 , Manley et al. 2008 .
No Single Winner: Super-Resolution Trade-Offs
In Table 1 we compare and contrast key features of the super-resolution techniques with one another and with conventional wide-field microscopy. Each technology has its strengths and limitations. SIM requires no special specimen preparation, and identical samples can be used as for CLSM. Postacquisition image processing is required to achieve the super-resolution image. The slower temporal resolution is balanced by a gain in image resolution of approximately a factor of two in each axis (or eightfold volumetrically).
As STED is a laser scanning microscope, its imaging speed depends on the field of view. Decreasing the scanned area increases temporal resolution and can make it an excellent choice for video-rate imaging. However, the complexity of the system, especially the laser sources, limits fluorophore choices and multicolor capabilities. Recent publications have shown great promise in simplifying the instrument and increasing availability of additional laser lines (Moneron et al. 2010 , Rankin & Hell 2009 ). STED microscopy gives immediate gratification with a what-you-see-is-what-you-get image similar to confocal microscopy and does not require data postprocessing.
Pointillism microscopes are, from an instrumentation perspective, surprisingly simple to add on to regular wide-field microscopes or TIRFM. The key lies on the choice of fluorophores as well as the proper data processing and management of large datasets, which makes its utilization trickier than conventional microscopy. However, large fields of view can be recorded easily.
Currently, only a score of serious biological applications have utilized SIM, STED microscopy, or Pointillism microscopy, with an initial emphasis on proof-of-concept studies (examples shown above). The three techniques are quite likely to establish their own application niches, as they have different strengths, but various factors must be carefully weighed. Important questions that a user wishing to use super-resolution methods should consider are: How fast is the biological process of interest? Can fixed specimens be used? How small can one crop the image? What resolution is sufficient? Table 1 provides a guide, but the landscape is rapidly changing. Recently, many super-resolution microscopes have become commercially available, and more systems are on the horizon (see sidebar on Commercial Super-Resolution Systems).
AXIAL SUPER-RESOLUTION WITH TOTAL INTERNAL REFLECTION FLUORESCENCE MICROSCOPY
A Primer
The above super-resolution microscopes require scanning or locating sparse molecules to 300 Toomre · Bewersdorf
Total internal reflection (TIR):
optical phenomenon by which shallow incident angle light is completely reflected at the interface with a lower refractive index medium improve axial resolution, with a commeasurable decrease in temporal resolution. TIRFM, however, uses near-field effects to achieve onthe-fly axial super-resolution (∼30-100 nm; Ajo-Franklin et al. 2001 ) of a large field of view without scanning (see Table 1 ). Specifically, TIRFM generates a rapidly decaying evanescent field at the interface of two mediums of different refractive index (such as glass and water), which can selectively excite fluorophores in cells near the coverslip; however, it is ill suited for deep cellular imaging. Its sensitivity or signal-to-background ratio is superb, to the point that it is the method of choice for tracking single molecules in vitro and even in living cells (Axelrod 2008 , Joo et al. 2008 .
Despite TIRFM's early roots [pioneered by Axelrod and colleagues in the 1980s (Axelrod 2008) ], the relatively recent availability of high-NA objectives and turnkey commercial systems has made TIRFM increasingly accessible and attractive to biologists, as evidenced by the outpouring of more than 500 papers using TIRFM in the past 5 years. Biologists have exploited its sensitivity to follow the cell surface dynamics of membrane trafficking, cytoskeletal remodeling, and signaling (Axelrod 2008) . The old adages "seeing is believing" and "less is more" apply to TIRFM, which literally allows one to take a superficial cellular view and to see more by illuminating less. However, it also raises new challenges for interpreting what is seen, especially when observed for the first time (Simon 2009) .
TIRFM is founded on the behavior of light at the interface of two mediums of different refractive index (n). When light traveling in a medium of high refractive index (n 1 ), such as glass, enters a lower refractive index medium (n 2 ), such as water, at a shallow angle of incidence (θ 1 ), it is refracted away from the normal (θ 2 ), as illustrated in Figure 6 . The angle of refraction is governed by Snell's law: n 1 sin(θ 1 ) = n 2 sin(θ 2 ). As the angle of the incident light is increased it will, at a given critical angle (θ c = sin −1 n 2 /n 1 ), exit tangentially to the interface (blue line in Figure 6 ). At even shallower incident angles the light will The diffraction and reflection of light are exploited in highly inclined laminated optical sheet (HILO) and TIRF microscopy. In TIRFM, the light is totally internally reflected (TIR) and generates an exponentially decaying evanescent wave of penetration depth d p in the lower refractive index medium (n 2 ). In HILO, diffracted light (θ 2 ) exits at a shallow angle, whereas in epifluorescence (EPI), or regular wide-field mode, it is minimally diffracted.
undergo total internal reflection (TIR). Thus, for TIR to occur two conditions must be met: n 1 > n 2 and θ 1 > θ c . An essential feature of TIR is that the light generates a so-called evanescent wave in the lower refractive index medium (see sidebar on Common Refractive Indices) that decays exponentially in intensity away from the interface. The intensity distribution I(z) of this evanescent field and its penetration depth (d p , where the initial intensity decreases to 1/e ≈ 37%) is dependent on the refractive indices of both mediums as well as the wavelength (λ) and angle of the incident light according to the equations:
5.
A thin evanescent field can be generated by the combination of a large difference in refractive index between the two media, light of short wavelength, and a shallow angle of incident light (typically d p is ∼ λ/6 -λ/12) (see sidebar on Sample Total Internal Reflection 
SAMPLE TOTAL INTERNAL REFLECTION FLUORESCENCE MICROSCOPY CALCULATIONS
The critical angle θ c and minimal penetration depth d p,min are used for imaging in cell cytosol at 488 nm excitation with a 1.45 NA TIRFM objective. To determine the maximum angle of light into the objective, one calculates the half aperture angle, α = sin −1 (NA/n 1 ) = sin −1 (1.45/1.51) = 73.8
• . The critical angle is determined from Snell's law, θ c = sin −1 1.37/1.51 = 65.1
• , and as shown, TIR occurs from 65.1
• to 73.8
• . The minimal penetration depth is calculated from Equation 5: d p,min = 488 nm/4π (1.51 2 sin(73.8
• ) − 1.37 2 ) −2 = 82 nm. Fluorescence Microscopy Calculations). An indepth treatment of the theoretical principles of TIRFM and role of polarization and intermediate layers can be found in an excellent treatise by Axelrod (2008) .
COMMON REFRACTIVE INDICES
Total Internal Reflection Fluorescence Microscopy Instrumentation
TIRFM optical setups encompass both prismtype and objective-type methods , but the objective-type approach is much more widely used to image cells as it allows full access to the specimen and is sold commercially (see schematic in Figure 7 ). An essential point for cellular studies is that TIRFM is only feasible with high NA objective lenses (1.45-1.65 NA), as the NA must be greater than the refractive index of the cytosol for TIR (see sidebar on Common Refractive Indices). As shown in Figure 7 , light is focused on the periphery of the back focal plane, which leads to an extreme angle of incidence (θ 1 ). One challenge is that laser light focused onto a single point can cause interference artifacts (e.g., speckles) and nonuniform illumination, both of which can be greatly decreased by annular illumination or rotating the beam in a circle (Mattheyses et al. 2006 , van 't Hoff et al. 2008 ).
Seeing deeper: epifluorescence, multiangle total internal reflection fluorescence microscopy, and highly inclined laminated optical sheet. An inherent limitation of TIRFM imaging of an object that disappears, such as an internalizing clathrin-coated pit, is that it is impossible to distinguish whether the coat dissociates or the vesicle moves inside. One solution is to alternate between TIRFM and conventional epifluorescence, using the latter to see deeper into the specimen (Merrifield et al. 2002 , Saffarian & Kirchhausen 2008 . Another approach to axially map the positions of objects is multiangle TIRFM, which is mainly implemented on prism-type setups using a fast beam steering element to vary the incident angle between frames (Loerke et al. 2000 . This allows a more precise tracking of the absolute position of a granule and a deeper (<0.5 μm), but still high contrast, view (Loerke et al. 2000) . However, TIRFM can be a liability, as it restricts illumination to the surface, whereas the high background of epi-illumination gives poor contrast. A new technique that takes a middle ground and can be easily performed on a TIRFM setup is highly inclined laminated optical sheet (HILO) microscopy (Figures 6 and  7 ; , van 't Hoff et al. 2008 . Essentially, the laser beam is positioned at a subcritical angle on a TIRFM, which causes it to traverse the specimen as a collimated highly inclined beam. This provides deep illumination with less background scatter. HILO's approximately four-to eightfold increase in signalto-background over epi-illumination allowed the nuclear import of single GFP-importin β molecules to be visualized .
Seeing with enhanced lateral resolution.
Pointillism microscopy methods all require excellent signal-to-background ratios to map the position of single molecules. TIRFM is commonly used in 2D Pointillism microscopy to increase contrast. TIRFM can be combined with SIM to improve lateral resolution up to 2.5-fold (Chung et al. 2007 , Fiolka et al. 2008 , Kner et al. 2009 ); even higher resolution may be possible if nonlinear effects are exploited (Gustafsson 2005) .
A materials-based approach to further improve lateral resolution (to ∼50 nm) involves a "superlens" that refocuses the evanescent wave via patterned nanosubstrates (Fang et al. 2005) . By illuminating the specimen from different directions, the near-field pattern can be moved and detected in wide-field (Sentenac et al. 2009 ). The lateral resolution that can be obtained here is approximately fourfold better, but could be higher (Sentenac et al. 2009) . A major caveat is that special patterned nanosurfaces need to be employed, and complex nanofabrication is impractical for widespread use. However, new nanofeature stamping methods were recently reported that may make this feasible (Nagpal et al. 2009 ).
Seeing brighter: a silver lining to see more?
Many biological imaging experiments such as fast imaging or single-molecule imaging are light starved. Interestingly, and perhaps not intuitively, the intensity of the evanescent field (I 0 ) can be amplified more than tenfold through surface plasmon effects using a thin (20-50 nm) metallic film (e.g., Ag, Au, Al, or Pt) on the coverslip (Axelrod 2008) . These effects are highly dependent on the angle and polarization of the light and n 2 (Axelrod 2008) . Dyes on the surface of the metal film are quenched, but emit photons when ∼10-200 nm deeper in the aqueous medium (Lakowicz 2001) . Interestingly, the near-field effects of the metal can decrease the lifetime of some dyes by an order of magnitude or more, resulting in a higher quantum efficiency (QE; and hence brightness) and greatly decreased photobleaching (Lakowicz 2001) . For instance, GFP on silver island films was shown to have an approximately fourfold shorter lifetime and to emit approximately 10 times more photons before bleaching (Fu et al. 2008) . Thus, there is an untapped potential to boost the signal, which can be a limiting factor in imaging of single molecule and fast dynamic cellular processes.
Cellular Applications with Total Internal Reflection Fluorescence Microscopy
TIRFM provides excellent contrast and less photobleaching (excitation is limited to a thin optical plane). This allows sharper, faster, and longer time-lapse imaging of processes near the cell surface. However, the largest impact of TIRFM is its ability to monitor fast and dynamic intermediates of organelles and molecules including membrane trafficking dynamics (Groves et al. 2008) , cytoskeleton remodeling (Bretschneider et al. 2004) , signal transduction ), calcium sparks (Marchaland et al. 2008) , and single molecule motion and activation (Axelrod 2008 , Joo et al. 2008 . We focus on new discoveries and controversies that have arisen with the ability of TIRFM to visualize transient intermediates in cells. Figures 5 and 8 show several examples of TIRFM applications.
Unraveling vesicle dynamics: kiss and tell?
Vesicle dynamics can be challenging and in some cases rife with controversy. A renowned debate concerns the presence of "kiss-and-run" vesicle fusion at the synapse (Harata et al. 2006) . As the neuronal synapse's perpendicular orientation to the coverslip does not favor TIRFM [bipolar neurons are an exception (Zenisek et al. 2000) ], neuroendocrine cells are often used as surrogates. TIRFM allowed researchers to directly visualize the exo-endocytic vesicle cycle. Dual color imaging of secretory cargo and membrane dyes showed that granules could release lipid probes into the membrane, or make a membrane "kiss" without fusing, in a process termed cavicapture . Strikingly, some cargo (e.g., neuropeptide Y) was quickly released, whereas other cargoes were largely retained . A partial fusion event (the kiss) was also seen in constitutive exocytosis in fibroblasts and was shown to be regulated by dynamin ( Jaiswal et al. 2009 . The ability of TIRFM to peep on a vesicle's kiss should enable more extensive investigation of its regulation.
Membrane dynamics: seeing the ghost in the machine. In membrane trafficking of proteins and lipids, cells use diverse machinery to bud off membrane vesicles, traffic them between organelles, and fuse them with acceptor compartments; alternatively, the vesicle or organelle can mature and change its composition en route. Although many of the molecular components are known, precisely where they act and how their action is coordinated are less obvious. Simply observing the action by multicolor TIRFM (and less simply quantitating it) is extremely powerful for studying such molecular handoffs. The high contrast imaging by TIRFM can help lift the fog of background cytosolic dye, or other deeper labeling in the cell (e.g., Figure 8b) , to reveal dynamics near the surface. For instance, TIRFM studies of endocytosis revealed that during clathrin-coated pit internalization, dynamin suddenly appeared at a late stage, followed by subsequent recruitment of actin machinery (Merrifield et al. 2002) . The former observation is consistent with dynamin acting transiently to promote fission, whereas the latter observation provided direct proof that actin is recruited to the clathrin-coated vesicle during invagination and suggests that local actin polymerization may drive internalization. In another study, epidermal growth factor trafficked through a subset of clathrin-coated pits and into a transient early endosomal compartment (APPL endosome) and in tens of seconds matured into phosphatidylinositol 3-phosphate (PI3P)-positive endosomes (Zoncu et al. 2009 ).
Another approach to identify changes in a vesicle's morphological state (which presumably reflects different molecular machinery) exploits the exponential decay of the evanescent field to measure small (∼10 nm) axial displacements of vesicles during exocytosis and endocytosis (Karatekin et al. 2008 , Saffarian & Kirchhausen 2008 . For instance, granules were observed making a 20 nm axial jump toward the membrane just before fusion, which suggested a change from a more distant tethered state to a closer docked state (Karatekin et al. 2008) . In a separate study, vesicles were reported to make a lateral (xy) shift just before fusion, suggesting that docking and priming (a step that prepares vesicles for release) are not stable processes (Degtyar et al. 2007 ); however, a separate study indicated that vesicle priming represents a nearly immobile state (Nofal et al. 2007 ). Unfortunately, nomenclature and analysis, which are operationally defined and not standardized, make it even more difficult to cross-compare studies and their apparently conflicting, yet tantalizing, results. Nevertheless, TIRFM's ability to characterize these processes represents the first step in elucidating a vesicle's last steps.
Act locally and globally. Tracking the motion of individual motors and organelles in cell division and cytokinesis is extremely difficult because of high background noise from the cytoplasm. Although the cleavage furrow is normally strung like a suspension bridge between the daughter cells, in cases in which it is either fortuitously or artificially anchored to the glass, it can be seen with remarkable clarity by TIRFM. For instance, both daughter cells spatially directed constitutive membrane traffic to the furrow (Goss & Toomre 2008) . In terms of molecular motors, Kinesin-6 relocalized to the tips of a subset of stable microtubules that grow into the cortex of anaphase cells ). Concomitantly, myosin rapidly assembled de novo at the midbody, rather than exclusively by cortical flow , Yumura et al. 2008 , Zhou & Wang 2008 . These new observations challenge the previous hypothesis of global contraction by polar relaxation and suggest that there is local regulation at the midbody, including integration of multiple inputs, rather than purely global action.
Getting the cellular move on. Cell migration requires a tight coordination of signal transduction, cytoskeleton remodeling, and membrane traffic. TIRFM has facilitated visualization of the signaling pathways that lead to cell migration. For instance, spontaneous PI3K signaling in fibroblasts was activated at membrane protrusions during cell migration (Krylyshkina et al. 2003) and, in migrating astrocytes, are spatially targeted via adenomatous polyposis coli (APC) and Dlg1 through Cdc42-activated Par6-PKCζ at the leading edge (Etienne-Manneville & Hall 2003 , Etienne-Manneville et al. 2005 ). Microtubules and exocyst-tethering machinery are also required for polarized fusion of vesicles at the leading edge (Letinic et al. 2009 , Schmoranzer et al. 2003 .
Whereas observing molecules in cells is useful, controlling their interactions (while watching) is even better. Recently, several new strategies have been developed in which photoactivating light can drive dimerization and recruitment of proteins (e.g., Rac or Rho GTPases) to the surface, where their recruitment and effect on lamellipodia formation were seen by TIRFM (Levskaya et al. 2009 ).
Virus invasion, assembly, and departure. Pathogens are adept at hijacking cellular machinery to enter and leave cells, and TIRFM is an excellent tool to view viral entry, internal assembly, and exocytosis. There are many ways in: SV40 virus use caveolae to enter cells , whereas HIV Nef-1 enters through clathrin-coated pits (Burtey et al. 2007 ). Using TIRFM imaging of a tagged Gag, a major structural component of HIV, viral assembly was nucleated at the plasma membrane surface in only 5-9 min, whereas viral release required approximately 30 min and could be detected by an increase in lateral motility or pH sensitivity (Ivanchenko et al. 2009 , Jouvenet et al. 2008 ).
Seeing single molecules in action. In vitro, polarized TIRFM allowed myosin VI's trajectory to be followed in 3D with nanometer localization precision and revealed a highly variable working stroke and a "wiggly walk" . TIRFM sensitivity has also allowed investigators to track the movement of single myosin and kinesin motors in living cells (Cai et al. 2007 , Kerber et al. 2009 ) and even to detect epidermal growth factor dimerization by fluoresence resonance energy transfer (FRET) (Sako et al. 2000) . Due to the dim signal, tracking single GFP-tagged molecules in cells is challenging and requires careful controls (Mashanov & Molloy 2007 ; even so, looking evanescently is bringing single molecules into the limelight.
LOOKING BACK AND PROJECTING FORWARD
Why is there a major push on super-resolution imaging now and not earlier? TIRFM was first realized only two decades ago (Campanella et al. 1988) , and Stefan Hell's seminal STED paper (Hell & Wichmann 1994) was published 16 years ago. The rising new wave is, in our opinion, due to both a conceptual and technological shift. Conceptually, leaders in the field pushed special cases in which Abbe's resolution limit no longer applied, namely near field excitation (TIRFM), targeted optical switching by nonlinear effects (STED or RESOLFT), and stochastic switching and localization of sparse single molecules (Pointillism microscopy). Their success caused a paradigm shift, and the question is no longer if Abbe's limit can be broken, but by how much?
Parallel technological advances in other fields played an equally crucial role. Powerful lasers and sensitive detectors enabled STED. (F)PALM and STORM were realized with photoactivatable FPs and the photoswitching of pairs of cyanine dyes, respectively. Single molecule detection was facilitated by better cameras [e.g., electron-multiplying charge coupled devices (EMCCDs)], whereas modern computers allow hundreds of gigabytes of data to be stored and millions of single molecules to be detected automatically. In TIRFM, the GFP revolution greatly expanded cellular imaging, and commercial systems dropped the doit-yourself entry barrier.
We project that new technologies will continue to enable rapid growth of biological imaging. Recently announced new "scientific CMOS (complementary metaloxide-semiconductor)" cameras have high
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Toomre · Bewersdorf sensitivity (<2 electron read noise), efficiency (∼60% QE), and large size (5.5 megapixels) and can acquire full-chip images at up to 100 Hz. However, they will quickly fill up hard drives unless there are parallel advances in data storage and analysis. Graphics processing units (GPUs) on computer video cards are inexpensive and can process 150 gigaflops-more than a supercomputer of the mid-1990s. Recently, GPUs have been shown to accelerate data processing in Pointillism microscopy significantly . As many super-resolution approaches rely on the switching of fluorophores between two states (e.g., ground/excited, dark/light), advances in designer FPs and chemical dyes will be crucial; ideal dyes here may be derivatives of former dyes that were inappropriate for ensemble studies (e.g., good photophysical properties, but largely in the dark state).
But is super-resolution microscopy just in vogue or truly a new wave? The new nanoscopes are still in their early days, and we contend that super-resolution microscopy is a rising new wave, but it will be increasingly important to take it to living cells in multicolor and 3D as well as into the hands of more biologists. If TIRFM is an indicator, the applications will follow. The greatest impact will likely occur in areas in which one desparately needs to see more details in live cells, such as the dense organization in the nucleus and synapse. The recent commercialization of all categories of superresolution approaches will help. At the leading edge, video-rate imaging by STED microscopy and iPALM resolution between 10 and 25 nm in 3D show great promise, but a subsecond 10 μm 3 super-resolution system with tens of nanometers resolution has yet to be achieved. As future predictions are often wrong, especially when based on tomorrow's technologies, perhaps it is as Alan Kay (1989) prophesized: "The best way to predict the future is to invent it." Today's super-resolution pioneers are doing just that.
SUMMARY POINTS
No single super-resolution system is ideal. All have their separate advantages and limitations and should be carefully selected for the biological problem at hand (see Table 1 for a comparison of their pros and cons).
STED (generalized by RESOLFT methods) and Pointillism nanoscopy rely on switching fluorophores between two different states.
TIRFM yields superaxial resolution and high contrast by generation of an exponentially decaying evanescent wave.
Higher resolution imaging requires a labeling density of structures of interest higher than the resolution level to avoid random signal gaps in the observed structures.
An increase in spatial resolution is generally achieved at a decrease in temporal resolution because finer sampling is required either by a higher density of detected probes (Pointillism) or by smaller scanning steps (SIM and STED). This also holds true for TIRFM when depth information needs to be obtained (multiangle TIRFM).
FUTURE ISSUES
The improvement of FPs and chemical dyes that can switch between states will enhance current super-resolution methods.
Brighter and more photostable probes would enhance tracking of single molecules inside cells.
Robust and user-friendly image processing and data mining tools are required for quantitative measurements and modeling.
Major advances will require a concerted interdisciplinary effort from scientists in physics, optics, chemistry, biology, materials science, and computer science.
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